This paper describes a precise method of gene titration as applied to the a-and 6-globin genes in the mouse. The three salient features of the method are : (i) the use of saturation hybridization in probe cDNA excess, (ii) the use of highly purified cDNA probes prepared by preparative hybridization with cloned globin sequences (Longacre and Mach (1978) J. Biol. Chem. 253, 7500) and (iii) the use of cloned globin sequences to calibrate the system internally. The results indicate that there are two genes for a-globin and two genes for g-globin in the BALB/c mouse. The significance of these results are discussed in relation to other data regarding adult and embryonic globin genes.
INTRODUCTION
In many instances, it is important to know how many copies of a particular gene are present in a given genome.
This has been generally measured by hybridization of a specific probe to cellular DNA under conditions which allow the reiteration frequency of the probe sequence (including cross hybridizing homologues) to be deduced. Under the conditions most frequently employed, a general notion of sequence reiteration is obtained by measuring the rate of probe hybridization (Cot analysis) (1) . However, a precise number cannot be determined in this way especially for the so-called 'unique' genes in eukaryotes. Analysis of fractionated restriction endonuclease fragments in combination with cloning and further structural studies on purified genes provides another approach, but one which will not easily and immediately establish the exact number of copies of a given gene. A simple procedure for the precise titration of gene number by saturation hybridization in probe cDNA excess (2) is described here and applied to the case of mouse a-and B-globin genes. It makes use of cloned globin plasmid DNA (3, 4) for the purification of cDNA probes by preparative hybridization (5) and for an internal calibration of the hybridization system.
With the procedure presented here we find two gene copies per haploid genome for both a-and B-globin. The implications of these results for the organization of the globin genes in the mouse genome are discussed.
MATERIALS AND METHODS

DNA and enzymes ( H)dCTP (20 Ci/mmol) was obtained from the Radiochemical
Centre, Amersham, England. AMV DNA polymerase was kindly provided by Dr. J. Beard (Life Sciences Inc., St. Petersburg, Fla.).
Single strand specific nuclease from AsperRillus oryzae (SI nuclease) was purified according to the procedure of Vogt up to the DEAE cellulose step (6) . Mouse and rabbit 9S globin mRNA was prepared as described (7) . Recombinant plasmids carrying mouse a-or p-globin (pCRl M4 and pCRl M9 respectively), constructed from cDNA as described (4) , were prepared by the cleared lysate procedure of Katz et al. (8) , including fractionation on CsCl gradients in the presence of ethidium bromide followed by sucrose gradients (3). Embryonic or myeloma 173 DNA was prepared as described (7) and sonicated at 200 pg/ml at 30 sec intervals for 5 min with the large probe of a Branson sonicator. Mouse globin cDVA was synthesized and the a-and B-moieties purified by sulfhydryl-sepharose chromatography using mercurated recombinant plasmid DNA as described (5) .
Large molecular weight cDNA was isolated by alkaline sucrose gradient centrifugation as described (3). The cDNA size was analyzed by polyacrylamide gel electrophoresis in formamide and fluorography as described (5) .
Hybridizations
Hybridization mixtures contained (in 200 pi) 10 mM Tris/HCl, pH 7.6, 0.6 M NaCl, 1 mM EDTA, 900 pg sonicated cellular DNA and increasing amounts of cDNA as noted. Hybridization was carried out at 68°C under paraffin oil for 48 h. Following hybridization, the samples were diluted into 2 ml of SI buffer, incubated at 45°C with 5 pi SI enzyme and precipitated in TCA.
The backgrounds obtained by hybridizing the cDNA with 900 pg of sonicated E. coli DNA have been subtracted from each point.
Backgrounds were generally about 0.5% of the input cDNA. 
RESULTS
Description of cDNA probes
Three cDMA probes were used in the study described here :
(i) cDNA synthesized from mouse 9S globin mRNA (total globin cDNA), (ii) purified a-globin cDNA and (iii) purified 6-glcbin cDNA (5). a-and B-globin cDNAs were purified using sulfhydrylsepharose chromatography with mercurated recombinant plasmid DNA and in situ melting as described previously. ( 3 H)cDNA was synthesized from 9S globin mRNA and the a-and R-globin cDNAs were purified as described. cDNA larger than about 400 nucleotides was isolated in each case by centrifugation in 5-20% alkaline sucrose as described in Materials and Methods. 11,000 cpm of unpurified globin cDNA and 9,000 cpm each of purified a-and 8-globin cDNA were precipitated and analyzed by acrylamide gel electrophoresis in 9 8% formamide as described in Materials and Methods. B. Myeloma DNA : As for A, above, except that 900 yg of sonicated MOPC 173 tumor DNA was hybridized with a-globin cDNA. In this case, either one (3.6 ng pCRl M4) or two (7.2 ng pCRl M4) a-globin gene equivalents were added to the cellular DNA. Myeloma DNA,A AJ myeloma DNA plus one plasmid a-globin gene equivalent,£* AJ myeloma DNA plus two plasmid a-globin gene equivalents ,|
• . Myeloma DNA as in A above. Myeloma DNA, equivalent, equivalents As in Figure 3B with the same substitutions ', myeloma DNA plus one plasmid 8-globin gene myeloma DNA plus two plasmid B-globin gene genome equivalent increases the plateau level of hybridization by an amount equal to half the plateau value of cellular DNA alone.
The obvious interpretation of these data is that there are two genes for a-and two genes for 6-globin per haploid genome. However, it should be noted that this number differs from the number which can be calculated from the measured amount of ( 3 H)cDNA hybridized to a given amount of cellular DNA. 1 ug of mouse or rabbit globin 9S mRNA was hybridized to 4,500 cpm (0.45 ng) of purified a-globin cDNA ( Figure 1 , slot d) or to 5,000 cpm (0.5 ng) of purified 8-globin cDNA ( Figure 1 , slot c) in 50 pi containing 10 mM Tris, pH 7.6, 0.3 M NaCl, 1 mM EDTA. Hybridization mixtures were incubated at 68°C for 6 h and digested in 1 ml of SI buffer with SI nuclease as described in Materials and Methods. Alternatively, 7,400 cpm (0.74 ng) of purified a-globin cDNA was hybridized to 5 pg of sonicated pCRl M10 (mouse a-globin insert) or pCRl Rll (rabbit a-glohin insert) and 16,000 cpm (1.6 ng) of purified S-globin cDNA was hybridized to 5 ys of pCRl M9 (mouse R-globin insert) or pCRl R19 (rabbit 8-globin insert) for 18 h and digested with SI nuclease as noted above. The numbers in the Table  are the average of duplicate determinations from which the SI resistance of the probes alone (0.5%) has been subtracted. To facilitate the comparison with heteroloRous complements, the SI resistance of the probe cDNAs with their homologous mouse complements has been arbitrarily set at 100%. However, in every case the real SI resistances in the homologous system were 98-100% of the input cDNA. (ii) The objective of the titration experiments described here is to measure the amount of a specific gene sequence without reference to its continuous or discontinuous fine structure in the genome (reviewed by Chambon (ID). For this reason, hybridization must be assayed by SI nuclease resistance which measures only the sequence target area defined by the radioactive probe whatever its organization.
In contrast, hydroxylapatite chromatography or filter binding assays result in a variable tail effect, the magnitude of which is affected by gene discontinuity. The above data suggest that a nucleic acid probe to the adult S-chain might be expected to cross hybridize with large regions of the two B-like embryonic genes in addition to the two adult g-major and minor genes. However, our saturation hybridization experiments using the purified B-globin probe show no evidence for more than the two gene equivalents which are also observed with the a-globin probe.
The most likely explanation for our inability to detect more than two gene equivalents with 8-globin probe is that there is much more sequence divergence than expected from the preliminary amino acid sequence data and therefore no cross hybridization to the embryonic gene.
However, a more interesting possibility is that the portions of the embryonic y and z genes that appear to be identical to the adult 0-gene are actually coded by the same nucleic acid sequences. Thus, an adult 8-gene may be divided into three parts which could be recombined with appropriate coding seg- This method has recently been used in a reexamination of the number of immunoglobulin genes which indicated the presence of considerably more variable region genes than had been measured in previous studies (manuscript in preparation).
In addition, it should be useful for the rapid and accurate detection of gene deletions or additions whenever a cloned sequence is available as well as for the study of integrated viral genomes.
